In this paper, an effective simple method to calculate the optimal value of the Inductance of Sine and Cosine Shaped Spiralinductors by an analytical model is proposed. The process involves the segmentation of sine and cosine shape into rectangular segments and the self and mutual inductances are predicted for each segments and then summed up. The effect of positive, negative and parallel segments are included in mutual inductance calculation to achieve the maximum accuracy in results. The derived expressions are implemented in a computer program and test parameters are provided through graphical user interface. The inductors are considered for the various values of length, width, thickness and height of design parameters and are analysed. The computed results are then compared with experimental measurements and it is found to be in ver y good agreement. This method is very helpful to calculate the inductances in very short time when compared with Finite element and measurement methods.
The inductance calculation of spiral inductors is a research topic of very great interest in a wide range of applications. Different shapes of spiral inductors like square, hexagonal, octagonal and circular are considered for research activities that focus calculation, design and modelling of spiral inductors.
In integrated circuits (ICs), spiral inductors have a vital role. For the design of microwave switches, splitters, oscillators, and power amplifiers, etc., the spiral type planar inductors are used widely. Spiral inductors have evolved in numerous shapes and dimensions in the recent years. The advancement in different shapes in spiral inductors will affect the performance greatly. So performance enhancement requires necessary analysing methods. The focus of this paper is on inductance calculation of spiral inductors.
Harold has discussed theoretical formulas for simple inductance for square coil and circular coil. The relative error is comparatively small for any shape (Harold, 1982) . Papananos has analysed the performance of arbitrary shaped inductors using a generic lumped element model. A detailed presentation of inductance evaluation of any inductor circuit is given using an independent algorithm. Square, octagonal and two layer spiral inductors are designed and a comparison between measured results and simulated results is done (Papananos, 2003) . Hurley has detailed new formulas for calculating self and mutual impedance of planar coils on ferromangnetic substrates. Taking the current distribution and eddy current losses into consideration the formulas are derived from Maxwell's equation
Zierhofer has enhanced the coupling coefficient between coils that are magnetically coupled provided the turns are distributed across the diameters but not concentrated at the circumferences. The assumption is that each of the two coils is made of concentric circular loops (Zierhofer, 1996) . Greenhouse has given an introduction and detailed discussion about negative mutual inductance. Since it is smaller in magnitude than the overall inductance, it can be neglected in electronic circuits. But in the case of micro circuits, neglecting negative mutual inductance may lead to high value of inductance. Inductance equations for thick-film coils and planar thin coils are derived and it includes negative mutual inductance too. A graphical output for rectangular and square geometry inductors is obtained through a computer program (Greenhouse, 1974) . Robertson, in the literature did analysis on different shapes of inductors. For realizing high value of inductance (>1nH) spiral inductors are used (Robertson, 2001 ). Mukherjee has used layout synthesis and an optimization technique on crystalline polymer substrate to discuss the design of spiral inductors (Mukherjee, 2005) . Lu suggests that the performance of a circular spiral inductor is better than that of a rectangular or square spiral (Lu, 2010) .
B.-L. Ooi has stated that the skin depth effect leads to current concentration at the surface of the metallic trace. This ensue a reduction in the self inductance of a spiral inductor. Eddy currents prompt the mutual inductance to increase with increasing frequency, which is in turn caused by the non-uniform magnetic field around the spiral inductor. Hence, the relative parameters, such as metal thickness, conductivity, width, space, number of turns and others determine the overall shape of the inductance variation (Ooi, 2003) . Sunderarajan S. Mohan has demonstrated that, for design and optimization of inductors or of circuits incorporating inductors our simple expressions hold good and are accurate. Indeed, since inductor tolerance is usually of higher value, "more accurate" expressions for inductance calculation are not required practically (Sunderarajan, 1999) .
M.H. Chiou has given that the output waveform can be accurately simulated with the help of a good wideband model of the spiral inductors used in a LC tank VCO (Chiou, 2004) . J. Kim reported that in designing radio frequency integrated circuits, on-chip spiral inductors are widely used presently, especially in the design of voltage-controlled oscillators and low-noise amplifiers (Kim, 2010) . Jin-Woo Park has stated that in the realization of low-profile spiral inductors having laminated NiFe cores for high frequency power applications, the sacrificial etching approach has been utilized (Liping Wang, 2016) . A spiral winding could result in a lower profile than a toroid inductor (at the expense of a larger footprint) because it is inherently two dimensional and it can also be stretched over a large area. For compactpackaging driven applications such as power regulators for cell phones and PDAs, this could be highly advantageous (JinWoo Park, 2004) .
Yuhua Cheng and Yaming Shu has indicated that the Biot-Savart law details a new analytical method for calculating the mutual inductance between two coaxial spiral rectangular coils, and that this method is simpler compared to the greenhouse method. The first step is to simplify the multi-turn coil to a set of concentric single-turn filament coils. The track width's impact is considered later. Resting on these analyses, by excluding the impact of the number of turns, the pitch of the coil, and other parameters, the impact of the size of the coil and distance between the coils on the mutual inductance can be analyzed more instinctively (Yuhua Cheng, 2014) .
Bernhard has stated that there is a demand for precise absolute position measurement of objects placed in a harsh environment in many industrial applications. Reliability, small size, wide temperature ranges, and insensitivity to moisture, vibrations, dust, chemicals and mechanical offset even in rough conditions are some criteria that should be met by sensors for industrial applications. Ideally, these criteria should be fulfilled by the measurement system without any mechanical contact in order to have long service life and also the system should be applicable for highly dynamic drives. Contactless inductive sensors are candidates of paramount importance to meet these requirements. Inductive resonance based inductive sensors is one of these (Bernhard Aschenbrenner, 2014) .
The inductance calculations of spiral inductors used in non-contact type position sensors are very critical for the accuracy of the sensor. The existing methods of inductance calculations for regular shapes like square, rectangular, hexagonal, octagonal and circular are based on manual computation and are derived from the basic empirical formulas of self and mutual inductances. In this paper, the inductances of sine and cosine coils are estimated by approximating the shape of coil through line segments and the mathematical model for the same is also presented to validate the results (Kemal Hasanusta, 2016) . ANOVA Method or Analysis using Linear Regression Technique is used to find the most significant parameters.
After this introductory part, section II describes the basic principles of self and mutual inductances. Section III shows the estimation of inductance for spiral coil using basic empirical formulas of self and mutual inductances for sine and cosine shape coils. Section IV depicts the computation of inductance through GUI using MATLAB. In section V, analytical or computed values are compared with measured values and the percentage of error is calculated and analysed using ANOVA method and then discussed. Finally, conclusions are drawn in section VI.
BASIC PRINCIPLES OF SELF AND MUTUAL INDUCTANCES

A. Self Inductance
In a circuit, the reaction to change in current which flows through it is called the self-inductance of the circuit
(1) A magnetic field B is produced by current i when it flows in the circuit; Φ is the magnetic flux through circuit due to current i which is shown in figure 1. B is proportional to i and hence Φ is also proportional to i. The constant of proportionality is L which is the self-inductance of the circuit. It is defined by the equation
Figure 1.Self Inductance If the coil has N turns, the flux linkage is
Another method to calculate the self-inductance is from the energy stored in magnetic field.
B. Mutual Inductance
The change in current in a circuit induces a magnetic flux in another circuit, which is called mutual inductance. It is said to be a measure of coupling between the two circuits. Consider two coils which are kept adjacently. Some flux is linked with the second coil when a current i 1 flows through the first coil which is due to magnetic coupling as shown in figure 2. 
Similarly, there is some flux linkage with the first coil when current i 2 flows through the second coil, as shown in figure 3, which can be given as 
ESTIMATION OF INDUCTANCE FOR SPIRAL COIL
In comparison with the conventional methods like lab experiments or those using simulation packages, the analytical method of the inductance calculation of spiral coils have several advantages. The design cycle time and cost are reduced in calculation of inductance using analytical method. This paper discusses the analytical method for finding the inductance of sine and cosine coil shapes. According to the Greenhouse theory, inductance of any shape of spiral inductor can be calculated by splitting up the spiral inductor into sections consisting of straight conductors or single wires, and the self-inductance of each section is calculated and summed up.
A.Mutual-Inductance
In order to predict the overall inductance, not only the self-inductance of each straight conductor but also the mutual inductance (positive or negative) between parallel and unparallel segments needs to be included.
The general equation for inductance of a coil or a part of a coil of any shape is
L is the sum of the self-inductances of all the straight segments, and  M is the total mutual inductance, which is the sum of both positive and negative mutual inductances. When current flow in two parallel conductors is in the same direction, the mutual inductance is positive and when it is in opposite directions, the mutual inductance is negative. Hence the above equation can be rewritten as
Where  M is the total positive mutual inductance, which is the sum of positive mutual inductances and  M is the total negative mutual inductance, which is the sum of the negative mutual inductances. The mutual inductance between two parallel conductors can be given as a function of the length of the conductors and of the geometric mean distance between them.
B. Self-Inductance
Consider a segment of the conductor as shown in the figure 4. 
Where L is the inductance of segment in nH l is the length of segment in cm w is the width of segment in cm t is the thickness of segment in cm C. Estimation of Inductance for Sine shape Spiral Coil This chapter discusses the analytical method for inductance calculation of sine and cosine coil shapes 
1.Self Inductance
Approximated sine coil structure is shown in the figure 5. It is split into segments 1 to 8 of equal length. The arrow direction indicates the direction of current in each segment. The self-inductance of each of the segments when summed up using the formula gives the self-inductance of the coil (10).
Mutual Inductance
Between the segments 1-2, 3-4, 5-6, 7-8 there is positive mutual inductance. Consider segment 1 and 2, with equal segment length as shown in figure 6. The inductance of the above parallel conductors is computed by the formula, Hence, by adding self inductance, positive mutual inductance, negative mutual inductance and inductance between parallel conductors the total inductance of sine coil is calculated.
The inductance of a cosine coil is obtained using similar logic. Cosine coil is approximated as shown in the figure 9 with the arrow direction indicating current direction in each segment. The coil is split into segments 1 to 10 of equal length.
Figure 9.Approximation of Cosine coil
The same method is used to predict the self and mutual inductances.
4.COMPUTATION OF INDUCTANCE
The calculation of inductance of the Spiral coils has been implemented using MATLAB tool along with Graphic User Interface program. MATLAB is an engineering package which has high flexibility to design any complicated design with its inbuilt functions. It allows one to perform complicated calculations with visual effect of results. It allows the users to accurately solve problems and to write the code efficiently. Better than many other programming languages the tool works with less time for execution with front end designed using GUI. Inductance value of spiral coils is calculated based on length, width, thickness of the segment and height of coil. The flow chart for the computation of inductance is given in figure10. The design for each section of input is done to give error messages when erroneous inputs are entered. Coil geometry and its dimensions are the required input to find inductance. Based on the shape of coil, the inputs are given and resultant inductance value is displayed on the screen.
ANALYSIS OF RESULTS & ITS VALIDATION
The inductances of sine and cosine coils are calculated using computer program and analysed. The analysis is done by calculating inductance of sine and cosine coils for various samples by varying length, width, thickness of segment and height between the peak portion of the sine and cosine shape.
Effect of Height
The inductance values are predicted for various values of height starting from 0.21 to 3.36 cm by keeping other parameters such as length, thickness and width as constant. Figure 11 shows the variation of inductance for different values of height for different lengths. It is observed that the inductance value increases linearly when the height increases. 
Effect of Width
The inductance values are predicted for various values of width starting from 0.0045 to 0.072 cm by keeping other parameters such as length, thickness and height as constant. Figure 12 
Effect of Thickness
The inductance values are predicted for various values of thickness starting from 0.0025 to 0.04 cm by keeping other parameters such as length, width and height as constant. Figure 13 shows the variation of inductance for different values of thickness for different lengths. It is observed that the inductance value decreases linearly when the thickness increases. 
Effect of Length
The inductance values are predicted for various values of length starting from 2 to 6 cm in steps of 1 cm by keeping other parameters such as width, thickness and height as constant. Figure 11 , 12, 13 shows the variation of inductance for different values of lengths. It is observed that the inductance value increases linearly when the length of the segment increases.
Analysis using Linear Regression Technique (ANOVA Method)
The above data has been used for further analysis which is done through linear regression technique called ANOVA method. This is performed inorder to find the correlation between the input variables such as length, height, width and thickness with respect to the output variable, inductance and to identify the most significant parameters out of those variables and it is shown in table 1. It can be noticed that the length is the most significant value by observing at the lowest p values and followed by height. It reveals that a small change in length will cause large variation in inductance.
By training the above data through ANOVAmethod the inductance equation becomes as follows. The sine and cosine coil spiral tracks are developed in PCB as shown in figure 14with the dimensions given in table 3. The inductance of samples is predicted using the analytical method as well as with measurements using Agilent 4284A Precision LCR meter. The calculated error is less than 5% and it is within the acceptable limit. This simple method provides more than 95% accuracy. 
Regression Statistics
CONCLUSION
This paper has presented a novel method to calculate the inductance for sine and cosine shape coils through analytical method. A simple, approximate expression for spiral inductors of sine and cosine shapes is presented. This program is very useful and accurate for the faster design of spiral inductors and its inductance computation. This method of computation gives results with minimum 95% accuracy thereby minimising the trial and error based selection of inductance value for the sensor and measurement applications. It can also be used for optimization of spiral inductors for variousdimensions and for a wide range of applications. ANOVA method or Analysis using Linear Regression Technique is used to find the most significant parameters. This method can also be extended to dynamic inductance calculation. The error can be further reduced by going for more number of segments to represent the actual shape of the coil. Measurements confirmed the feasibility of the analytical formula.
